In response to pathogen invasion and other types of stress, plants produce de novo an arsenal of chemical defenses known as phytoalexins [1] . By definition, these secondary metabolites are elicited and display antimicrobial activity. In addition to phytoalexins, plants contain constitutive defense metabolites whose production may increase under stress conditions, i.e. phytoanticipins [2] . The family Brassicaceae (syn. Cruciferae) comprises a very large number of economically important crops, including the oilseeds canola and rapeseed, the vegetables broccoli, Brussels sprouts, cabbage, cauliflower, kohlrabi, rutabaga, turnip, and condiments such as mustard, horseradish and wasabi. Oilseed crucifers (mainly Brassica species) constitute the third largest source of edible vegetable oils. Crucifer vegetables are consumed worldwide and were suggested to protect against cancer by modulating metabolism of carcinogens [3] . Numerous studies have endeavored to establish the roles that metabolites of crucifers play on protecting mammalian systems [4, 5] .
In general, plants of the same family biosynthesize phytoalexins that have related structures derived from a common precursor. Brassicaceae produce phytoalexins that have significance and interest due to their unique structures, ecological role and application. In this report we review the most recent work on phytoalexins from Brassicaceae published after our last review in 2003 [6] .
Structures and Biological Activity
The first report on phytoalexins from Brassicaceae was published by Takasugi's group. This landmark publication dealt with brassinin (1), 1-methoxybrassinin (3) and cyclobrassinin (13) [7] . Subsequently, a survey of various economically important species by independent groups over a period of several years unfolded structures of 25 phytoalexins by 2000 [8] and a total of 30 phytoalexins by 2003 [6] . A few of these phytoalexins contain as toxophore a dithiocarbamate or thiocarbamate group (1) (2) (3) (4) (5) , which brings to mind an interesting connection with a group of dithiocarbamate fungicides developed and widely used in the 1960s [9, 10] .
Phytoalexins are produced de novo upon elicitation (microbes, UV light, metal ions), that is, are not present in naturally healthy plant tissues. Consequently, phytoalexins can be detected by comparing chromatograms of extracts of elicited plant tissues (obtained using HPLC systems with diode array and/or mass spectrometer detectors) with those of healthy tissues [11] . Subsequent to detection, chromatographic separation of elicited plant extracts to obtain elicited metabolites can be monitored by HPLC. This approach avoids the use of bioassays and can shorten substantially the isolation period. Alternatively, though rather time-consuming, phytoalexins can be detected in plant extracts using TLC with biodetection (spray TLC plate with cultures of a fast growing microbe) and separated using bioassay-guided isolation. Regardless of the approach followed to detect and isolate potential phytoalexins, to prove that a plant metabolite is indeed a phytoalexin, bioassays against microbial plant pathogens are indispensable [1] . Figure 1 shows the structures of the 39 phytoalexins published so far. Most of these phytoalexins contain sulfur, except for methyl 1-methoxyindole-3carboxylate (32), indolyl-3-acetonitrile (33) a phytoalexin in brown mustard (B. juncea) but a phytoanticipin in canola (B. rapa and B. napus), isalexin (36), caulilexins B (37) and C (34) and arvelexin (35) . Our search for phytoalexins from cruciferous plants resistant to economically important fungal diseases lead us to examine a number of cultivated and wild crucifer species, whose chemical structures are shown in Figure 1 . Unexpectedly, we discovered that both wasabi, a perennial plant widely cultivated in Japan, and stinkweed, a wild species abundant in Canada, produced wasalexin A (8) [12] . Because these plants are from different genera and both produced a unique phytoalexin, it was suggested that wasalexin A (8) was important in the defense against microbial invasion of these two unrelated species. The phytoalexins rutalexin (17) , brassicanate A (27) and isalexin (36) were isolated from rutabaga roots [13] . Isolation and synthesis of rutalexin (17) demonstrated that the structure of cyclobrassinone (40), a phytoalexin previously reported from kohlrabi, was misassigned and that the actual structure is rutalexin (17) . Therefore, as shown in Figure 1 , the current list of phytoalexins does not contain cyclobrassinone (40) . Erucalexin (31) is the only currently known phytoalexin with carbon substituents at C-2 [14] , whereas all other phytoalexins have carbon substituents at C-3. This Table 1 : Phytoalexins from plant species of the family Brassicaceae and elicitors.
Species (common name, elicitors) [reference]
Phytoalexins Arabidopsis thaliana (mouse-ear cress, AgNO 3 , Pseudomonas syringae) [17] Camalexin (28) Arabis lyrata (lyrata rock cress, Cochliobolus carbonum, P. syringae) [18] Camalexin (28) Brassica adpressa (CuCl 2 , Leptosphaeria maculans) [19] Brassilexin (11) , cyclobrassinin (13) , cyclobrassinin sulfoxide (14), 1-methoxybrassinin (3) Brassica atlantica (CuCl 2 , L. maculans) [19] Brassilexin (11) , cyclobrassinin (13), 1-methoxybrassinin (3) Brassica carinata (Abyssinian cabbage, CuCl 2 , L. maculans) [19, 20] Brassilexin (11) , cyclobrassinin (13) , cyclobrassinin sulfoxide (14), 1-methoxybrassinin (3), spirobrassinin (19) B. juncea (brown mustard, CuCl 2 , AgNO 3 ; Alternaria brassicae, L. maculans) [19, [21] [22] [23] Brassilexin (11) , cyclobrassinin (13), cyclobrassinin sulfoxide (14), indole-3-acetonitrile (33), spirobrassinin (19) B. montana (CuCl 2 , L. maculans) [19] Brassilexin (11) , cyclobrassinin (13), 1-methoxybrassinin (3) B. napus (rapeseed, CuCl 2 , L. maculans) [19, 20, 24] Brassilexin (11) , cyclobrassinin (13), cyclobrassinin sulfoxide (14) [7, 29, 30] unique structure is derived from a C-3-C-2 carbon migration in a 3-substituted indolyl nucleus. Caulilexins A(26), B (34) and C (37) were isolated from cauliflower florets [15] . Caulilexin A (26) is the first example of an indolyl disulfide phytoalexin and so far the most active against S. sclerotiorum. Rapalexins A (38) and B (39) are the most recently reported phytoalexins, isolated from canola (B. rapa) [16] . These compounds are the first example of naturally occurring aromatic isothiocyanates.
The plant species of Brassicaceae analyzed for phytoalexin production along with their respective elicitors are summarized in Table 1 .
The biological activity of the phytoalexins from Brassicaceae is shown in Table 2 . Several phytoalexins are active against microbial plant pathogens at concentrations around 0.1-0.5 mM, but are not equally toxic to all species, selective antifungal activity was reported ( Table 2) .
Phytoalexins are produced by plants but are toxic to the plant as well, thus their production is restricted to the tissues under microbial attack. Although insect and nematode damage could in principle cause phytoalexin elicitation, this finding has not been reported to date. As with many other compounds, natural or not, mixtures of phytoalexins may have synergistic, additive or antagonistic activity.
Recently, there has been a great interest in the potential chemopreventive activity of crucifer phytoalexins [65] . For example, it was shown that several indole phytoalexins (i.e. brassinin, spirobrassinin, brassilexin, camalexin, 1-methoxyspirobrassinin, 1-methoxyspirobrassinol and methoxyspirobrassinol methyl ether) displayed Detoxification of phytoalexins by plant pathogenic fungi was demonstrated in many species of fungi [66] . As well, it has been shown that several fungal pathogens of Brassicaceae are able to detoxify phytoalexins using somewhat selective enzymes and simple chemical reactions, such as oxidation, reduction, hydrolysis, and in one case, conjugation with glucose [66] . In this context, it was suggested that paldoxins (phytoalexin detoxification inhibitors) could be designed to protect plants against fungi. It was proposed that paldoxins could be designed to have minimal impact on the ecosystem while allowing the plant to build up its own antifungal defenses [6] . Such a strategy would be an advantageous alternative to the use of fungicides.
Chemical Synthesis
Considering that phytoalexins are produced in extremely small quantities relative to the amounts of plant tissues required for their isolation (e.g. 2 mg per 10 Kg of tissue), their chemical synthesis is crucial. Hence, it is not surprising to see that the syntheses of 38 out of 39 known phytoalexins have been reported. Clearly, synthesis is a much better alternative to obtain sufficient amounts for the various biological assays and metabolic studies than isolation from plants. The syntheses published since our previous review [6] 
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Scheme 3: Synthesis of 1-methoxybrassenin B (7) . Reagents and conditions: i) CH 2 Cl 2 , NaH, CS 2 ; ii) MeI; 54% yield over two steps [68] .
Modified methods to prepare brassinin (1) and cyclobrassinin (13) were reported [67] , albeit not simpler or affording a better yield of brassinin than a previous report [52] (Scheme 1).
A very simple method was reported for the synthesis of brassitin (2, Scheme 2) [57] . 1-Methoxybrassitin could be prepared similarly, although its synthesis has not been reported yet. 1-Methoxybrassenin B (7) was prepared from amide 43 as shown in Scheme 3 [68] . By lapse this synthesis was not included in our last review. A shorter and more efficient synthesis of wasalexins 8 and 9 was reported using Vilsmeier formylation of 1-methoxyindolin-2-one (44, Scheme 4) [46] . Similar improved syntheses of brassilexin (11) and sinalexin (12) The new phytoalexins of rutabaga, rutalexin (17) and brassicanate A (27) , were obtained in reasonable yields using new methods [13] . To prepare rutalexin (17) , Boc-2-chloroindole-3-carboxaldehyde (48) was converted to the amide 50 upon oxidation with NaClO 2 , and treatment with thionyl chloride followed by addition of methanamine. 2-Chloro carboxamide 50 was converted to the corresponding 2-SH derivative with NaSH in DMF/H 2 O. The crude product was converted to rutalexin (17) upon treatment with phosgene, followed by deprotection, in 24% overall yield (Scheme 6).
The key step to prepare brassicanate A (27) used a similar nucleophilic substitution reaction of methyl 2chloroindole-3-carboxylate with NaSH. Brassicanate A (27) was obtained in 51% overall yield after methylation of the 2-SH followed by deprotection using TFA (Scheme 6) [13] . Isalexin (36) was prepared by directed ortho-lithiation of N-Boc-manisidine with n-BuLi, as previously reported [13] . Dehydro-4-methoxycyclobrassinin (18) was obtained by oxidation of 4-methoxycyclobrassinin (51) with DDQ (Scheme 7) [31] . This synthesis was not included in our last review by lapse.
A one-pot synthesis of (±)-spirobrassinin (19) and (±)-1-methoxyspirobrassinin (20) was achieved by direct oxidative cyclization of brassinin and 1-methoxybrassinin, respectively [14] . A slight modification of another synthesis of (±)-1-methoxyspirobrassinin (20) and (±)-1-methoxyspirobrassinol methyl ether (22) was published recently [64] . Separation of the enantiomers of 20 and 22 by chiral HPLC allowed the determination of the absolute configurations of the naturally occurring compounds as (R)-1-methoxyspirobrassinin (20) and (2R,3R)-1methoxyspirobrassinol methyl ether (22b) (Scheme 8) [64] . It is not surprising to find that 1-methoxyspirobrassinin (20) has the opposite absolute configuration of (S)-spirobrassinin (19) since it has been shown that the biosynthetic pathways of 1-methoxy substituted phytoalexins are different from those of non-methoxylated at N-1 (i.e. NH), as discussed below [69] . A simple method to determine the enantiomeric purity of the few chiral phytoalexins (spirobrassinins) by 1 H NMR was reported as well [70] . Scheme 9: Synthesis of brassicanal C (25) . Reagents and conditions: i) I 2 , pyridine; ii) MeOH, 22% yield. [15] . Scheme 10: Syntheses of caulilexins A (26) , and B (37) . Reagents and conditions: i) I 2 , pyridine; ii) CH 3 SNa, 33% yield from 53, iii) NaBH 3 CN, TiCl 3 , AcONH 4 , MeOH/ H 2 O; iv) HCOOEt, reflux, 85% yield from 54 [15] .
The preparation of brassicanal C (25), a phytoalexin previously isolated from white cabbage [27] was carried out by oxidation of 2-sulfinylindole-3carboxaldehyde (53) with iodine in pyridine, followed by methanolysis (Scheme 9) [15] . Caulilexins A (26) and B (37) were prepared in two steps in 33% and 85% yield, respectively, as shown in Scheme 10 [15] .
The isolation and synthesis of erucalexin (31) were reported simultaneously [14] . The starting material, 1-methoxyindole-2-carboxaldehyde oxime (56) , was prepared by deprotonation of 1-methoxyindole (55) followed by quenching with DMF, and oximation under standard conditions (NH 2 OH.HCl, Na 2 CO 3 ), in 74% yield. Reduction of the oxime 56 with TiCl 3 and NaBH 3 CN afforded the corresponding amine, which was converted to 1-methoxyisobrassinin (57) by standard procedure. The key step involved oxidative cyclization of 1-methoxyisobrassinin (57) with CrO 3 in acetic acid to afford (±)-erucalexin (31) in 30% yield (Scheme 11) [14] . Caulilexin C (34) was prepared in three steps from indolyl-3-acetonitrile (10% overall yield) or in one step from 1-methoxyindolyl-3-acetaldoxime (58) in 42% yield (Scheme 12) [15] . The related nitrile, arvelexin (35) was prepared from 4-methoxyindole (59) in 2 steps in 52% yield , as shown in Scheme 13 [12] . Rapalexin A (38) was prepared by nitration of 4-methoxyindole (59) using silver nitrate and benzoyl chloride, followed by hydrogenation to yield 4-methoxyindole-3-amine (60) . Reaction of amine 60 with thiophosgene yielded rapalexin A (38) in rather poor yield (Scheme 14) [16] . Scheme 14: Synthesis of rapalexin A (38) . Reagents and conditions: i) AgNO 3 , benzoyl chloride, CH 3 CN, 30% yield; ii) Pd/C, AcOH, H 2 ; iii) CH 2 Cl 2 , CaCO 3 , CSCl 2 , 20% yield over two steps [16] .
To synthesize rapalexin B (39), the starting material N-benzyl-5-benzyloxy-4-methoxyindole (63) was prepared from 3-benzyloxy-2-methoxy-6nitrobenzaldehyde (61) by condensation with nitromethane, followed by reductive cyclization with Fe and silica gel in acetic acid and benzylation. Nitration of N-benzyl-5-benzyloxy-4-methoxyindole (63) using benzoyl nitrate yielded the desirable 3-nitroindole which was reduced using Pd/C, AcOH (H 2 , 40 psi) to yield the required indol-3-amine 64. Finally, reaction of amine 64 with thiophosgene yielded rapalexin B (39) Scheme 15: Synthesis of rapalexin B (39) . Reagents and conditions: i) CH 3 NO 2 , 18-crown-6, KF, 4-methylmorpholine, rt; ii) NaOAc, Ac 2 O, 60°C, 88% yield over two steps; iii) Fe, SiO 2 , toluene/AcOH, 90°C, 75% yield; iv) NaH, THF, BnBr, 93% yield; v) AgNO 3 , benzoyl chloride, CH 3 CN, 20% yield; vi) Pd/C, AcOH, H 2 /40 psi; vii) CH 2 Cl 2 , CaCO 3 , CSCl 2 , 30% yield over two steps [16] .
Biosynthesis
Most crucifer phytoalexins are alkaloids biosynthetically derived from the amino acid (S)-tryptophan. Since our last review was published, a few pieces were added to this biosynthetic puzzle. Contrary to previous hypotheses, [2-14 C]-3-indolyl acetaldoxime [6] was shown to be incorporated into camalexin (28) and the first genes encoding P450 enzymes were identified in the camalexin biosynthetic pathway [71] . CYP79B2 and CYP79B3 are enzymes that catalyze the conversion of (S)-tryptophan to 3-indolyl acetaldoxime (65) and CYP71B15 (PAD3) catalyzes the oxidative decarboxylation of dihydrocamalexic acid (66, Scheme 16) [72] . Furthermore, production of camalexin (28) in a mutant devoid of glucosinolates indicated that camalexin was not derived from an indole glucosinolate. These data are consistent with our previous results showing that [4,5,6,7-2 H 4 ]-3indolyl acetaldoxime (65a) was incorporated into the phytoalexins cyclobrassinin (13) , brassilexin (11) and spirobrassinin (19) but the indolyl glucosinolate 71 was not [23] . These results taken together suggest that 3-indolyl acetaldoxime (65) is a metabolic branch point in a few secondary pathways (e.g. phytoalexins and indolyl glucosinolates). The synthesis of perdeuterated phytoalexins and potential precursors has facilitated greatly biosynthetic studies [73] . An important precursor of 1-methoxybrassinin (3) and other 1-methoxylated phytoalexins was proposed based on the incorporation of 1-[ 2 H 3 ]-methoxy-3-indolyl acetaldoxime (58a). This was the first time that both [4,5,6,7-2 H 4 ]-3-indolyl acetaldoxime (65a) and 1-[ 2 H 3 ]-methoxy-3-indolyl acetaldoxime (58a) were shown to be precursors of 1-methoxybrassinin (3) (Scheme 17) [69] . We suggested that aldoxime 65 was oxidized to 1-methoxy aldoxime 58 which was further transformed into 1-methoxybrassinin (3). The lack of incorporation of [4,5,6,7-2 H 4 ]-brassinin (1a) into 1-methoxybrassinin (3) corroborated the results obtained by incorporation of 1-methoxy-3-indolyl acetaldoxime (58) . These findings suggested that 1-methoxy aldoxime 58 might also be an intermediate in the biosynthesis of 1-methoxyindole glucosinolate 71. In light of these results, earlier suggestions that indole glucosinolate 71 resulted from enzymatic methoxylation of 70 [74] appear unlikely. Perhaps corroboration of these hypotheses in A. thaliana will soon be possible. Rutalexin (17) is derived from cyclobrassinin (13) whereas brassicanate A (27) appears to be derived from brassinin (1) because no incorporation of deuterated cyclobrassinin (13) was detected. The biosynthetic precursor of the illusive isalexin (36) could not be determined, as 36 was produced in trace amounts in various incorporation experiments. Its origin is difficult to predict due to the lack of a side chain in its structure. It could either derive from 4-methoxyindole or, like other phytoalexins, from 3-indolyl acetaldoxime (65) followed by oxidative degradation of the two carbon side-chain. Further work will be required before these questions can be answered.
Perhaps erucalexin (31) is one of the most interesting structures among the phytoalexins isolated so far. It was determined to be derived from 1-methoxy-3indolyl acetaldoxime (67) via 1-methoxybrassinin (3) and sinalbin B (15) . A pinacol-type rearrangement was invoked to explain the C-C bond cleavage followed by migration from C-3 to C-2 (Scheme 19) [75] . 
Conclusion and Prospects
The availability of analytical HPLC-DAD-LC methods and libraries [11] should facilitate the survey of phytoalexins from Brassicaceae and the isolation of new structures. It is anticipated that, particularly in wild species, novel structures will be discovered. Structurally and biogenetically unique metabolites involved in plant defense mechanisms continue to be of great interest. Particularly because the biosyntheses of such metabolites represent pathways potentially transferable to cultivated species.
Methods are now available to synthesize all crucifer phytoalexins reported to date. However, notwithstanding these significant achievements, there is still a great need to develop more efficient synthetic methods to prepare several of these phytoalexins. Availability of these synthetic phytoalexins will continue to be crucial to study their important biological activities and establish detoxification pathways in plant microbial pathogens. Isolation of phytoalexins from plants in sufficient amounts to carry out such studies would be an almost impossible task.
It would be extremely useful to generate plant cell suspension cultures able to produce phytoalexins. Suspensions cultures of Brassica species would facilitate greatly the study of biosynthetic pathways (e.g. feeding of biosynthetic precursors, enzyme isolation). Unfortunately, to date no reports of phytoalexin production in cell cultures of Brassica species have appeared.
It is expected that the next decade will uncover a battery of genes and new metabolic pathways that will unravel the interesting ecological roles and application of crucifer phytoalexins. 
